Autophagy is associated with luteal cells death during regression of the corpus luteum (CL) in some species. However, the involvement of autophagy or the association between autophagy and apoptosis in CL regression are largely unknown. Therefore, we investigated the role of autophagy in CL regression and its association with apoptosis. Ovaries were obtained from pseudopregnant rats at Days 2 (early), 7 (mid-), and 14 and 20 (late-luteal stage) of the pseudopregnancy; autophagy-associated protein (microtuble-associated protein light chain 3 [LC3]) was immunolocalized and its expression level was measured. Luteal cell apoptosis was evaluated by measuring cleaved caspase 3 expression. LC3 expression increased slightly from early to mid-luteal stage, with maximal levels detected at the late-luteal stage in steroidogenic luteal cells. The expression level of the membrane form of LC3 (LC3-II) also increased during luteal stage progression, and reached a maximum at the end point of late-luteal stage (Day 20). This pattern coincided with cleaved caspase 3 expression. Furthermore, LC3-II expression increased, as did levels of cleaved caspase 3 in luteal cells cultured with prostaglandin F 2alpha known to induce CL regression. These findings suggest that luteal cell autophagy is directly involved in CL regression, and is correlated with increased apoptosis. In addition, autophagic processes were inhibited using 3-methyladenine or bafilomycin A1 to evaluate the role of autophagy in apoptosis induction. Inhibition of autophagosome degradation by fusion with lysosomes (bafilomycin A1) increased apoptosis and cell death. Furthermore, inhibition of autophagosome formation (3-methyladenine) decreased apoptosis and cell death, suggesting that the accumulation of autophagosomes induces luteal cell apoptosis. In conclusion, these results indicate that autophagy is involved in rat luteal cell death through apoptosis, and is most prominent during CL regression. apoptosis, autophagy, corpus luteum, luteolysis
INTRODUCTION
The corpus luteum (CL) is a transient but dynamic endocrine gland that develops from the wall of an ovarian follicle after ovulation. This gland produces progesterone, the hormone necessary for the establishment and maintenance of intrauterine pregnancy in mammals [1, 2] . In the absence of pregnancy at the end of each ovarian cycle, or when the CL is no longer required for the maintenance of pregnancy, it ceases to produce progesterone (i.e., functional regression) and regresses (i.e., structural regression), which ultimately leads to the elimination of the CL. Although this process, termed luteolysis, is critical for the initiation of the next estrous/ menstrual cycle and the maintenance of ovarian tissues homeostasis, the precise mechanisms responsible for the regression of the CL are not fully understood. Recent studies have suggested that the major event that causes the regression of the CL is luteal cell death by apoptosis (type I programmed cell death) [3] . Indeed, apoptosis takes place in the ovaries of cows [4, 5] , rats [6] [7] [8] , sheep [9] , and humans [10] during both spontaneous and induced CL regression. However, apoptosis may not be the only mechanism of luteal cell death in CL regression, because the vast majority of primate luteal cells were eliminated by nonapoptotic mechanisms, such as autophagy and necrosis, during natural or induced CL regression in marmoset monkeys [11, 12] and humans [13] .
Autophagy is an intracellular bulk degradation system in which a portion of the cytoplasm is enveloped in double membrane-bound structures called autophagosomes, which undergo maturation and fusion with lysosomes for degradation [14, 15] . Autophagy was originally thought to represent a survival response to nutrient deprivation and other forms of cellular stress [16] ; however, the results of many studies suggest that autophagy promotes cell death by excessive selfdigestion and degradation of essential cellular constituents [17] [18] [19] [20] [21] [22] . Furthermore, the morphological characteristics of steroidogenic cells in the regressing CL (characterized by cytoplasmic vacuolization, prominent lysosomes, and accumulation of lipofucsin pigments, but maintenance of nuclear morphology) of primate species strongly suggest that steroidogenic luteal cell death is induced by autophagy [23] [24] [25] . However, to date, few studies have investigated the involvement and induction of autophagy in CL regression, or the association between autophagy and apoptosis in CL regression. Furthermore, it is not known whether autophagy mediates apoptosis induction in luteal cells, although previous studies have suggested that autophagic processes, such as autophagosome accumulation, are crucial for the regulation of apoptotic cell death in various cell types [26] [27] [28] [29] .
We therefore conducted the present study to determine the role of autophagy in the induction of luteal cell apoptosis during CL regression in the rat. 
MATERIALS AND METHODS

Animal Treatment
Immunohistochemistry
Protein levels of microtubule-associated protein 1 light chain 3 (LC3), which is widely used as an autophagic marker, are upregulated during autophagy induction [30, 31] . In the present study, therefore, localization of LC3 with the rat CL during pseudopregnancy was established using immunohistochemistry to determine the role of autophagy in CL progression. The ovaries were fixed immediately in 10% neutral-buffered formalin at 48C for 24 h. Tissues were dehydrated and embedded in paraffin wax. Sections of 5 lm were cut.
Paraffin-embedded whole ovarian sections were deparaffinized, rehydrated, and placed in a steamer for 30 min in 10 mM citric buffer for antigen retrieval. Endogenous peroxide was reduced by incubation of the sections with 3% H 2 O 2 for 30 min. Nonspecific binding was blocked with 5% bovine serum albumin (BSA; Sigma Chemical Co.) in PBS for 30 min. After washing, sections were incubated overnight at 48C with anti-LC3 rabbit polyclonal antibody (diluted 1:300; Novus Biologicals, Littleton, CO) or cleaved caspase 3 rabbit polyclonal antibody (diluted 1:200; Cell Signaling Technology, Boston, MA), followed by incubation with a biotinylated secondary antibody (DAKO) at a dilution of 1:2000 for 1 h. After incubation with a streptavidin-peroxidase conjugate, antibody complexes were visualized with diaminobenzidine tetrahydrochloride chromogen. The sections were counterstained with hematoxylin, dehydrated, and mounted.
Luteal Cell Collection and In Vitro Culture
Ovaries were excised 2, 7, 14, and 20 days after hCG injection and placed in Dulbecco modified Eagle/F12 medium (DMEM/F12; Gibco-BRL, Grand Island, NY) that was supplemented with 10% fetal bovine serum (FBS; Gibco-BRL), 10 mg/ml streptomycin sulfate (Sigma Chemical Co.), and 75 mg/ml penicillin G (Sigma Chemical Co.). CLs were separated from ovaries under a dissecting microscope. Isolated CLs were suspended in the appropriate solution for immunoblotting or used for luteal cell collection.
For in vitro experiments, luteal cells were isolated from rat ovaries on Day 7 of pseudopregnancy and cultured according to the method described by Behrman et al. [32] with minor modifications. Briefly, CLs were digested with collagenase-DNase (Sigma Chemical Co.). The contents of the flask were filtered through a 70-mm Falcon nylon mesh (Becton Dickinson, Franklin Lakes, NJ) to remove debris, and the filtrate was centrifuged at 200 3 g for 6 min to sediment the suspended cells. Cell pellets were washed twice with DMEM/F12 supplemented with 10% FBS. Preparations were enriched in luteal cells by centrifugation (200 3 g for 30 min) through a 40% Percoll (Pharmacia Biotech, Uppsala, Sweden) gradient in 0.9% saline. The collected cells were .90% viable, as determined by exclusion of Trypan blue dye. In each experiment, luteal cells were pooled from several animals. Collected cells were seeded at a concentration of 1 3 10 6 cells/ml in culture dishes made of poly-L-lysine-coated nonfluorescent thin-bottom glass (MatTek, Ashland, MA). The cells were incubated at 378C in 5% CO 2 in DMEM/F12 supplemented with 10% FBS, glutamine, Hepes, and 100 U/ml penicillin/ml, and 100 mg/ml streptomycin (Gibco BRL). Previous studies showed that, under these conditions, cells attach, are steroidogenic, and remain viable [33] . After 72 h of incubation, the medium and unattached cells were removed and replaced with serum-free Earle balanced salt solution (EBSS) medium (Sigma Chemical Co.) for serum starvation. To induce luteal regression, luteal cells were also cultured in EBSS medium with prostaglandin F 2a (PGF 2a ; 100 lM; Cayman Chemical Co., Ann Arbor, MI) for 24 h. Additionally, luteal cells were cultured in EBSS medium with added 3-methyladenine (3-MA; 10 mM; Sigma Chemical Co.) or bafilomycin A1 (Baf A1; 0.1 lM; Sigma Chemical Co.) to inhibit autophagic cell death. After 24 h, the accumulation of autophagosomes was measured by immunofluorescence and electron microscopy analysis. Luteal cell death and apoptosis were evaluated by Trypan blue and Hoechst 33342 staining, respectively. In addition, the expression of apoptosis-related proteins was examined by Western blot analysis.
Immunofluorescence Staining
Luteal cells were cultured on sterilized glass coverslips, fixed with 4% paraformaldehyde, and blocked with 0.1% BSA in PBS. Cells were incubated with 1:500 diluted primary antibody (MAPLC3; Novus Biologicals) in PBS and reacted with 1:5000-diluted Alexa 488-conjugated secondary antibody (Vector Laboratories, Burlingame, CA). Finally, slides were mounted in mounting media (Vector Laboratories) and images were captured with a confocal microscope (Bio-Rad, Richmond, CA). The percentage of autophagic cells was calculated by counting cells containing punctate structures and expressing this as a percentage of the total number of cells.
Transmission Electron Microscopy Analysis
To identify autophagosomes at the ultrastructural level, luteal cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 45 min at 48C, rinsed in cacodylate buffer, postfixed in 1% OsO 4 in cacodylate buffer, dehydrated, and embedded in Epon. Ultrathin sections were briefly contrasted with uranyl acetate and photographed with a transmission electron microscope (Hitachi 7100; Hitachi, Tokyo, Japan).
Western Blot Analysis
During autophagy, LC3 is converted from LC3-I to LC3-II; LC3-II then becomes localized to isolated membranes and autophagosomes [34, 35] , and the amount of LC3-II expressed is correlated with the number of autophagosomes [31] . Therefore, the expression level of LC3-II protein was measured to evaluate luteal cell autophagy by Western blot analysis. Luteal cell apoptosis was determined by measuring the expression levels of cleaved caspase 3, which is believed to be the final mediator of apoptotic cell death [36] . In addition, we also analyzed the expression levels of mitochondriadependent apoptosis proteins (BAX and BCL2) to determine the apoptotic pathway involved. Isolated CLs or cultured luteal cells were lysed with icecold radioimmunoprecipitation assay buffer that was supplemented with a protease inhibitor cocktail (Sigma Chemical Co.). To facilitate the complete solubilization of the cellular proteins, the cell lysates were incubated on ice for 30 min, and then centrifuged (13 000 3 g, 48C, 30 min). The whole-cell lysates (20 lg/lane) were separated by SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Bio-Rad). After blocking the nonspecific binding sites with 5% skim milk, the membrane was treated with rabbit polyclonal antibody to LC3 (diluted 1:5000; Novus Biologicals), caspase 3 (diluted 1:1000; Cell Signaling Technology), BAX (diluted 1:1000; Santa Cruz Biotechnology), or BCL2 (diluted 1:1000; Santa Cruz Biotechnology) overnight at 48C. The immunoreactive bands were demonstrated by incubation with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (diluted 1:5000; Santa Cruz Biotechnology) at room temperature for 1.5 h. Peroxidase activity was visualized with an enhanced chemiluminescence detection system (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK). Integrated optical intensities of the immunoreactive protein bands were quantified by imaging (Gel Doc 2000; Bio-Rad) and the analysis software, Quantity One version 4.0.3 (Bio-Rad), and normalized to b-actin values.
Assessment of Luteal Cell Death
Luteal cell death was determined using the Trypan blue exclusion test (Trypan blue stains dead cells blue, but does not permeate living cell membranes). A 0.4% solution of Trypan blue (Sigma Chemical Co.) was added to 0.1 ml of a cell suspension and mixed thoroughly. The mixture was allowed to stand for 10 min at room temperature and then centrifuged at 500 3 g for 10 min at 48C. Supernatants were discarded and pellets were resuspended in 0.1 ml of serum-supplemented media. A small droplet from each tube was transferred to a hemacytometer and observed under a microscope. Cells stained blue were considered to be dead.
Assessment of Luteal Cell Apoptosis
The percentage of apoptotic cells was determined by nuclear staining with Hoechst 33248. Luteal cells were suspended in neutral-buffered formalin (10%) containing Hoechst 33248 dye (5 lg/ml; Sigma Chemical Co.). This cell suspension was spotted onto slides and assessed for typical apoptotic nuclear morphology (nuclear shrinkage, condensation, and fragmentation) with Hoechst dye under a fluorescence microscope with an appropriate filter combination.
Statistical Analysis
Luteal cell death, apoptosis, and the expression of LC3-II, BAX, BCL2, and cleaved caspase 3 proteins are reported as the mean 6 SEM of three 466 independent experiments. Statistical analysis was performed by ANOVA. Significant differences between treatment groups were determined by Duncan multiple range tests. Statistical significance was inferred at P , 0.05.
RESULTS
Localization of Autophagy in the CL of Pseudopregnant Rats
As shown in Figure 1 , A and B, steroidogenic cells with round-shaped nuclei showed very weak LC3 immunoreactivity on Day 2 of pseudopregnancy. After 7 days, the immunoreactivity for LC3 increased slightly (Fig. 1, C and D) . In contrast, very intense immunoreactivity for LC3 was evident in luteal cells on Days 14 (Fig. 1, E and F) and 20 (Fig. 1, G and H) . In addition, intermediate fibroblasts and stromal cells within the CL (identified by their elongated nuclei) showed very weak LC3 immunoreactivity throughout pseudopregnancy.
Apoptosis and Autophagy in Luteal Cells During Pseudopregnancy
We determined the relationship between autophagy and apoptosis in luteal cells isolated from pseudopregnant rat ovaries by measuring the levels of cleaved caspase 3 and LC3-II to evaluate luteal cell apoptosis and autophagy, respectively. As shown in Figure 2A , cleaved caspase 3 expression on Days 7, 14, and 20 was significantly higher (1.65-, 2.50-, and 3.06-fold greater, respectively) than on Day 2 of pseudopregnancy (P , 0.05). Similarly, LC3-II (17 kDa) expression levels in luteal cells also increased significantly during pseudopregnancy, and reached a maximum on Day 20 of pseudopregnancy (P , 0.05; Fig. 2B ).
PGF 2a -Induced Autophagy in Luteal Cells
The ability of PGF 2a to induce luteal regression was evaluated by measuring LC3-II expression levels in luteal cells cultured in serum-free medium with or without PGF 2a . As shown in Figure 3A , the expression level of LC3-II increased significantly in luteal cells cultured with PGF 2a compared to luteal cells cultured without PGF 2a (P , 0.05). Furthermore, the expression of cleaved caspase 3 in cultured luteal cells increased significantly in the presence of PGF 2a (P , 0.05; Fig. 3B) .
We examined the subcellular localization of endogenous LC3 to evaluate luteal cell autophagy by immunofluorescence staining. Figure 3C (LC3) shows that endogenous LC3 was easily detected as green fluorescence in cultured luteal cells. LC3-I appeared to be diffused within the cytoplasm as well as the nucleus (Fig. 3C, LC3, top) , while LC3-II was associated with punctate structures in the cytoplasm (Fig. 3C, LC3,  bottom) . Among the total number of LC3-positive cells counted, only cells with a punctate appearance were counted as autophagic cells. The proportion of autophagic luteal cells was 30.6 6 3.7% without PGF 2a compared to 69.7 6 8.9% with PGF 2a .
To confirm our findings, we took transmission electron microscopy (TEM) images of luteal cells cultured in serum-free conditions with or without PGF 2a (Fig. 3C, TEM) . Autophagic structures are characterized by the presence of multiple autophagosomes, which are double-membranous vacuoles containing engulfed cytoplasmic materials. Some autophagosomes were evident in luteal cells cultured under serum-free conditions without PGF 2a (Fig. 3C, TEM, top) . When luteal cells were cultured with PGF 2a , however, the number of autophagosomes increased compared to luteal cells cultured without PGF 2a (Fig. 3C, TEM, bottom) . Figure 3C 
Apoptotic Cell Death of Luteal Cells Increased with the Accumulation of Autophagosomes
The effects of autophagy on apoptotic cell death were evaluated by inhibiting or promoting autophagosome accumulation by treatment of cells with 3-MA or Baf A1, respectively. As shown in Figure 4A , punctate LC3-II structures were present in the cytoplasm of luteal cells cultured in serumstarved conditions (Fig. 4A, left) , but accumulated progressively in the cytoplasm following Baf A1 treatment (Fig. 4A,  right) . Conversely, in luteal cells treated with 3-MA, LC3-I had a diffuse distribution throughout the cytoplasm (Fig. 4A,  middle) . TEM images also showed the presence of autophagosomes in serum-starved luteal cells (Fig. 4B, left) , but the number of autophagosomes decreased in luteal cells treated with 3-MA (Fig. 4B, middle) . In contrast, numerous autophagosomes were visible in the cytoplasm when luteal cells were treated with Baf A1 (Fig. 4B, right) .
Under these conditions, we examined cell death and apoptosis by Trypan blue staining and Hoechst 33342 staining, respectively. Serum starvation induced cell death and decreased apoptosis significantly in 3-MA-treated luteal cell death, while serum starvation increased apoptosis significantly in Baf A1-teated luteal cells (P , 0.05; Fig. 4, C and D) .
Finally, we analyzed the expression of mitochondriadependent apoptosis proteins to determine the apoptotic pathway involved. As shown in Figure 5 , A and B, the serum starvation-induced expression of BAX decreased significantly upon 3-MA treatment, but increased significantly following treatment with Baf A1 (P , 0.05; Fig. 5B, top) . In contrast, the serum starvation-induced expression of BCL2 increased significantly in 3-MA-treated luteal cells, but decreased significantly with Baf A1 treatment (P , 0.05; Fig. 5B,  middle) . Furthermore, the expression of cleaved caspase 3 in Baf A1-treated luteal cells was significantly higher than in serum-starved or 3-MA-treated luteal cells (P , 0.05), although there was no difference between serum-starved and 3-MA-treated luteal cells (Fig. 5B, bottom) .
DISCUSSION
The induction of autophagy in the regressing CL of marmoset monkeys [11, 12] and humans [13] has been previously described. However, there are few studies of the induction and involvement of autophagy in CL regression, or the association between autophagy and apoptosis. In the present study, pseudopregnant rat ovaries were immunostained for the LC3 protein to determine if autophagy was induced in the regressing CL, because a pseudopregnant CL can only be maintained for a certain number of days, after which spontaneous regression occurs. As shown in Figure 1 , the LC3 protein was weakly expressed in luteal cells at early luteal stage (Day 2), with a slight increase in expression at mid-luteal stage (Day 7). In contrast, there was strong staining for LC3 in [37, 38] . Furthermore, in our previous study, we reported that LC3 expression showed good correlation with apoptosis in rat granulosa cells during follicular development and atresia [39] . Therefore, it is possible that luteal cell autophagy may also be involved in CL progression.
To confirm this hypothesis, we evaluated whether autophagy was related to luteal cell apoptosis in the CL of pseudopregnant rats. In the present study, luteal cell apoptosis, as assessed by cleaved caspase 3 levels, increased as the luteal stage progressed, and reached a maximum level at the lateluteal stage. Furthermore, the expression of LC3-II showed the same pattern, which suggests that the induction of autophagy is closely related to luteal cell apoptosis and CL regression.
We also demonstrated that luteal cell autophagy is induced together with apoptosis in the regressing rat CL, because LC3-II expression and cleaved caspase3 expression increased after PGF 2a treatment, which has been shown to result in functional and structural regression of the CL in most nonprimate species [40] [41] [42] . Furthermore, our immunofluorescence (Fig. 3C ) and TEM images (Fig. 3D ) provided direct evidence of the induction of autophagy in PGF 2a -treated luteal cells; LC3-II protein accumulated and ultrastructural changes typical of autophagy were visible, such as the presence of multiple autophagosomes within cells. In addition, the number of luteal cells with an apoptotic nuclear morphology also increased in PGF 2a -treated luteal cells. Taken together, these findings suggest that luteal cell autophagy is directly involved in CL regression and is correlated with increased apoptosis.
A correlation between autophagy and apoptosis has previously been described for human colon adenocarcinoma [26] and HeLa cells [27] [28] [29] . In these reports, the induction of apoptosis was promoted by the accumulation of autophagosomes in the cytoplasm. This finding suggests that autophagy may induce apoptotic cell death, because autophagy is characterized morphologically by the accumulation of autophagosomes. Furthermore, our recent findings suggested that this phenomenon is not limited to cancer cells; apoptotic cell death in granulosa cells also increased with the accumulation of autophagosomes in a rat model [43] . Therefore, apoptotic luteal cell death may be induced by autophagy in the regressing CL. To confirm this hypothesis, we treated serum-starved luteal cells with 3-MA or Baf A1 to inhibit or promote the accumulation of autophagosomes, respectively. 3-MA inhibits the formation of autophagosomes by inhibiting the activity of class III phosophoinositide-3 kinases, which are involved in the conversion of LC3-I to LC3-II [44, 45] . In contrast, Baf A1 causes autophagosome accumulation by reducing the removal of autophagosomes by fusion with lysosomes, producing a cellular morphology initially consistent with autophagy [46, 47] . Indeed, our immunofluorescence and TEM images revealed that serum starvation-induced autophagosome accumulation in luteal cells was decreased by 3-MA, but was increased by Baf A1 (Fig. 4, A and B) . Under these conditions, apoptosis and cell death of the Baf A1-treated luteal cells were significantly higher than those of serum-starved luteal cells. Furthermore, serum starvation-induced apoptosis and cell death decreased significantly upon 3-MA treatment. These results suggest that the induction of luteal cell apoptosis and cell death are associated with autophagosome accumulation. Therefore, autophagy may promote luteal cell death by apoptosis, which is induced by autophagosome accumulation during CL regression.
Previous studies have proposed that the ratio of BAX to BCL2 is the critical determinant of apoptotic cell death, such that elevated BCL2 extends the survival of cells, whereas elevated BAX expression accelerates apoptotic cell death [48, FIG. 5 . The expression of apoptosis-associated proteins (BAX, BCL2, and cleaved caspase 3) in rat luteal cells cultured with 3-MA or Baf A1. A and B) Representative immunoblots and densitometric quantification of BAX, BCL2, and cleaved caspase 3 protein levels. All bar graphs represent the mean 6 SE of results from three replicate experiments. Significant differences are compared with luteal cells cultured under serum-starved (SC) conditions. Asterisks denote significant differences at P , 0.05.
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49]. We found that BAX expression increased without a change in BCL2 expression in luteal cells with autophagosome accumulation, which suggests that the increase in the BAX/ BCL2 ratio in luteal cells is induced by autophagosome accumulation. Furthermore, the active form of capase 3 (executioner caspase) also increased with Baf A1-induced autophagosome accumulation. These results suggest that the accumulation of autophagosomes increased apoptotic luteal cell death via an increase in the BAX/BCL2 ratio and subsequent caspase activation. Therefore, autophagy plays an important role in the regulation of apoptotic luteal cell death by controlling the ratio of BAX to BCL2 and the subsequent activation of caspases.
In conclusion, autophagy is prominently induced in rat luteal cells during CL regression. Luteal cell autophagy (accumulation of autophagosomes) induces apoptotic luteal cell death via an increased BAX-to-BCL2 ratio followed by caspase activation.
